This study evaluates the intraseasonal variation of winter precipitation over the western United States in 14 coupled general circulation models (GCMs) participating in the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4). Eight years of each model's twentieth-century climate simulation are analyzed. The focus is on the two dominant intraseasonal modes for the western U.S. precipitation: the 40-day mode and the 22-day mode.
Introduction
The western United States normally receives the bulk of its precipitation during Northern Hemisphere (NH) winter from October to April, when the storm track across the North Pacific is active (e.g., Mo and NoguesPaegle 2005) . Rainfall in the western United States during this season is significantly modulated on the intraseasonal time scale (Mo and Higgins 1998a,b; Mo 1999) . For example, alternating wet and dry episodes with periods around 20 days are often observed at coastal stations in California (Mo 1999) , and strong flooding in California is often associated with rainfall events on the submonthly time scale (e.g., Mo and Nogues-Paegle 2005) . Mo (1999) demonstrated that the intraseasonal variability of western U.S. winter precipitation has two dominant modes: a mode with a period of about 36-40 days (hereafter the 40-day mode) and a mode with a period of about 20-25 days (hereafter the 22-day mode). Previous studies have found four mechanisms for generating the intraseasonal variability of western U.S. winter precipitation ( Fig. 1 ): 1) instability of the basic state (e.g., Simmons et al. 1983; Schubert 1986; Frederiksen 1986; Dole and Black 1990; Schubert et al. 1993) , 2) orographic forcing (Marcus et al. 1994 (Marcus et al. , 1996 , 3) interactions with synoptic-scale eddies (Lau 1988; Held et al. 1989) , and 4) forcing of tropical convection (Mo and Higgins 1998a , 1998b , Mo 1999 . Of particular importance for extendedrange weather forecasts is the tropical forcing mechanism. As shown by Mo (1999) , the 40-day mode is related to the Madden-Julian oscillation (MJO) in the tropics, with enhanced convection propagating from the western Pacific to the central Pacific. The spatial structure of precipitation anomaly excited by the propagation of convection exhibits a north-south three-sell pattern. Heavy precipitation in California is associated with dry conditions over Washington; British Columbia, Canada; and along the southeastern coast of Alaska and reduced precipitation over the subtropical eastern Pacific (Mo and Higgins 1998a) . When enhanced convection moves to the central Pacific, the response in the Northern Hemisphere resembles the Pacific-North American (PNA) teleconnection pattern (Wallace and Gutzler 1981; Weickmann et al. 1985; Knutson and Weickmann 1987) . The 22-day mode is also related to tropical convection with cloud bands propagating northward along the west coast of North America from the eastern Pacific through California to the Pacific Northwest. The spatial structure of this mode is similar to the traveling pattern described by Branstator (1987) . These intraseasonal modes are responsible for alternating wet and dry episodes over the western United States. However, only a few previous studies have examined their simulations by the general circulation models (GCMs). In a pioneering study, Schubert et al. (1993) examined the simulations by an atmospheric GCM developed at the National Aeronautics and Space Administration (NASA) Goddard Laboratory for Atmospheres. They found that the GCM's leading mode in the upper-tropospheric zonal wind is associated with fluctuations of the East Asian jet; this mode resembles the structure of the PNA pattern found in the observations on these time scales. The GCM produces 60% of the total observed Pacific sector low-frequency zonal wind variance. About one-third of the missing variability appears to be due to unrealistic simulations of the MJO.
Recently, in preparation for the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4), more than a dozen international climate modeling centers conducted a comprehensive set of long-term simulations for both the twentieth century's climate and different climate change scenarios in the 21st century (Randall et al. 2007 ). Before conducting the extended simulations, many of the modeling centers applied an overhaul to their physical schemes to incorporate the state-of-the-art research results. For example, almost all modeling centers have implemented prognostic cloud microphysics schemes to their models, some have added a moisture trigger to their deep convection schemes, and some now take into account convective momentum transport. Moreover, many modeling centers increased their models' horizontal and vertical resolutions, and some conducted experiments with different resolutions. , and the contour interval is 2 mm day 21 . The black arrow schematically shows that these modes are propagated from the tropical Pacific. The purpose of this study is to evaluate the intraseasonal variation of winter precipitation over the western United States in 14 IPCC AR4 coupled GCMs, with emphasis on the 40-day mode and the 22-day mode. The models and validation datasets used in this study are described in section 2. The diagnostic methods are described in section 3. Results are presented in section 4. A summary and discussion are given in section 5.
Models and validation datasets
This analysis is based on 8 yr of the Climate of the Twentieth Century (20C3M) simulations from 14 coupled GCMs. Table 1 shows the model names and acronyms, their horizontal and vertical resolutions, and brief descriptions of their deep convection schemes. For each model we used 8 yr of daily mean surface precipitation. Three-dimensional data are available for 7 of the 14 models, for which we analyzed upper air winds, temperature, and specific humidity. The model simulations were validated using the Global Precipitation Climatology Project (GPCP) Version 2 Precipitation (Huffman et al. 2001 ). We used 8 yr (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) of daily data with a horizontal resolution of 18 longitude 3 18 latitude. Obtaining reliable precipitation estimates, especially over the open ocean area where surface observations are sparse, continues to be a big challenge for the research community and was the motivation for the international GPCP project. The GPCP dataset is a merged analysis incorporating available precipitation estimates from low-orbit-satellite microwave data, geosynchronous-orbit-satellite infrared data, and rain gauge observations. Gruber and Levizzani (2008) provided a detailed assessment of the GPCP dataset. The data quality varies significantly from region to region.
FIG. 2. (Continued)
Fortunately, the region of interest for this study (the western United States and surrounding regions) is associated with relatively good data quality, although substantial uncertainties still exist (see Fig. 2 .2 of Gruber and Levizzani 2008) .
To evaluate the model-simulated atmospheric circulation, we also used 8 yr (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) of daily National Centers for Environmental Prediction (NCEP) reanalysis data (Kalnay et al. 1996) , for which we analyzed upper air winds, temperature, and specific humidity. There are possible errors associated with the reanalysis data coming from measurement errors, poor data coverage over certain geographical regions, and effects of assimilation models. However, previous studies have shown that the errors could be significantly reduced by spatial averaging over many grid points and constructing a composite over many events (e.g., Carr and Bretherton 2001; Lin et al. 2005 Lin et al. , 2008 .
Methods
Total intraseasonal (periods 10-90 days) anomalies were obtained by applying a 365-point 10-90-day Lanczos filter (Duchan 1979) . Because the Lanczos filter is nonrecursive, 182 days of data were lost at each end of the time series (364 days in total). The dominant intraseasonal modes are determined using wavelet spectra because they are active mainly during the southern summer. Wavelet spectrum is a powerful tool for analyzing multiscale, nonstationary processes. Its uniqueness is its ability to simultaneously localize the variability of the signal in both the frequency and time domains by using generalized local base functions (wavelets) that can be stretched and translated with a flexible resolution in both frequency and time (e.g., Mak 1995; Torrence and Compo 1998) . In other words, one can simultaneously determine both the dominant modes of variability and how those modes vary in time. We utilize the wavelet analysis program developed by Torrence and Compo (1998) and use the Morlet wavelet as the mother wavelet. We have tested different mother wavelets (Paul or Derivative of Gaussian), and the results are similar. The 40-day mode, defined as precipitation variability in the period range of 30-60 days, was obtained by applying a 365-point 30-60-day Lanczos filter. Similarly, the 22-day mode is defined as precipitation variability in the period range of 20-30 days and was obtained by applying a 365-point 20-30-day Lanczos filter. We also tested the Murakami (1979) filter, and the results are similar.
Results

a. Northern winter (November-April) seasonal mean precipitation
Previous observational studies indicate that the intraseasonal variance of precipitation is highly correlated with time-mean precipitation (e.g., Wheeler and Kiladis 1999) . Therefore, we first look at the horizontal distribution of northern winter (November-April) seasonal mean precipitation (Fig. 2) . If we use the 2 mm day 21 contour to define the gross horizontal pattern of precipitation in observation, all 14 models capture reasonably this gross pattern. In particular, they all produce the NE-SW-tilted North Pacific storm track. Most of them also reproduce the peak along the west coast of the United States and Canada. The eastern Pacific ITCZ is also reasonably simulated by all models although with a large variation in precipitation magnitude.
To conduct a more quantitative evaluation of the seasonal mean precipitation over the western United States, we plot in Fig. 3 the meridional profile averaged between 2358 and 2458E. There is a wide spread among b. Total intraseasonal (10-90 day) variance Figure 4 shows the horizontal distribution of the total intraseasonal (10-90 day) variance of precipitation during northern winter (November-April). In observation (Fig. 4a) , the horizontal distribution of total intraseasonal variance follows that of seasonal mean precipitation FIG. 4. (Continued) ( Fig. 2) , except that the variance over the North Pacific storm track is shifted slightly southward compared to the seasonal mean precipitation. The model variances show three characteristics. First, all models capture the basic spatial pattern of the variance, including the slight southward shift compared to the seasonal mean precipitation. Second, most models produce overly large variance along the west coast of the United States and Canada. Third, all models underestimate the variance over the North Pacific Ocean, in spite of the fact that they generally produce reasonable seasonal mean precipitation in that region (Fig. 2) . This suggests an interesting land-sea contrast in the models' ability to simulate extratropical intraseasonal variability, with a better performance over land than over ocean.
To provide a more quantitative evaluation of the model simulations, Fig. 5 shows the meridional profile of total intraseasonal (10-90 day) variance of precipitation during northern winter averaged between 1258E and 1158W. Over the western United States and Canada, all but two models (MRI and GISS-ER) produce a variance that is 2-7 times the observed variance, which is consistent with their overly large seasonal mean precipitation (Fig. 3) . This is in sharp contrast with the models' simulations of tropical intraseasonal variability (Lin et al. 2006) . Although the models generally produce reasonable seasonal mean tropical precipitation, only a few of them could simulate reasonable tropical intraseasonal variability, suggesting that the tropical intraseasonal variability is generated by mechanisms different from the extratropical intraseasonal variability. Figure 6 shows the wavelet spectrum of precipitation averaged between 408-458N and 1258-1158W for observation and the 14 IPCC models. The Morlet wavelet was used as the mother wavelet. We have tested different mother wavelets (Paul or Derivative of Gaussian), and the results look similar. The observed spectrum (Fig. 6) demonstrates two dominant intraseasonal modes, a 30-60-day mode (the so-called 40-day mode) and a 15-30-day mode (the so-called 22-day mode). All models capture both modes, and the model variances are generally larger than the observed variances. The models also tend to produce more frequent active episodes.
c. The dominant intraseasonal modes
d. The 40-day mode
Next we focus on the 40-day mode. Figure 7 shows the meridional profile of the 40-day mode variance averaged between 1258 and 1158W. For both the observation and the models, the spatial distribution of the 40-day mode variance looks quite similar to that of the total intraseasonal variance. All but one model (MRI) produce 2-9 times the observed 40-day mode variance over the western United States and Canada. The MRI model variance is in very good agreement with the observed variance. Figure 8 shows the lag-correlation of the 40-day mode precipitation anomaly averaged between 1258 and 1158W with respect to itself at 37.58N, 2408E. Shading denotes the regions where lag-correlation is above the 95% confidence level. In observation (Fig. 8a) , the 40-day Next we look at the vertical structures of the 40-day mode. Figure 9 shows the vertical structure of temperature for observation (NCEP reanalysis) and seven models with three-dimensional data available. Note that for four models the 3D data is available only below 200 mb. In observation, the 40-day mode displays a two-layer structure during the precipitating phase, with a cold core between surface and 250 mb, and a warm core above 250 mb.
Five of the seven models (GFDL2.0, GFDL2.1, CGCM, MPI, and CNRM) reproduce the two-layer structure. In GISS-AOM the two-layer structure is shifted to the later phase by about 7 days. MRI simulates a cold core between 200 and 850 mb, and a warm core below 850 mb. Figure 10 shows the vertical structure of geopotential height. Consistent with the temperature structure, the observed geopotential height displays a deep barotropic structure, with negative anomaly extending from the surface to 100 mb during the precipitating phase (Fig. 10a) . FIG. 6. (Continued) All models reproduce the deep barotropic structure. However, in four models the correlation is low in the upper troposphere (GFDL2.1, GISS-AOM, MRI, and MPI). Figure 11 shows the vertical structure of divergence. The observed divergence displays a two-layer structure during the precipitating phase, with convergence from the surface to 650 mb, and divergence above 650 mb (Fig. 11a) . All but one model (MPI) reproduce fairly well the two-layer structure, although in GISS-AOM (Fig. 11d ) the convergence layer is too deep, extending from the surface to 450 mb.
Next we look at the teleconnection pattern associated with the 40-day mode. Figure 12 shows the linear correlation of the 40-day-mode precipitation anomaly versus itself averaged between 358 and 408N, 1258 and 1158W. In observation (Fig. 12a) , there is a three-cell pattern with positive precipitation anomaly over the western United States and negative anomalies over the eastern Pacific and the Pacific Northwest. At the same time, there is a dipole over the tropical Pacific with positive anomaly in the central Pacific and negative anomaly in the western Pacific. These are consistent with the results of Mo (1999, her Fig. 5c ), who demonstrated that the dipole over the tropical Pacific is associated with the MJO. Most of the models simulate to some extent the three-cell pattern around the western United States. However, only two models (CCSM3 and PCM) simulate the dipole over the tropical Pacific. Four other models (GISS-AOM, GISS-ER, MIROCmedres, and MIROC-hires) produce statistically significant positive anomaly in the central Pacific but no statistically significant negative anomaly in western Pacific.
To summarize, the models tend to simulate overly large variance of the 40-day mode over the western United States and Canada. All models with three-dimensional data available reproduce the deep barotropic structure of the 40-day mode. All models reproduce to some extent the three-cell pattern of precipitation anomaly around the western United States, but only five models capture the northward propagation, and only two models simulate the teleconnection with the MJO in tropical Pacific.
e. The 22-day mode Figure 13 shows the meridional profile of the 22-day mode variance averaged between 1258 and 1158W. For both the observation and the models, the spatial distribution of the 22-day mode variance looks quite similar to that of the total intraseasonal variance and the 40-day mode. Eleven of the 14 models (GFDL2.0, GFDL2.1, CCSM3, PCM, GISS-AOM, MIROC-medres, MIROChires, CGCM, MPI, IPSL, and CSIRO) produce more than 2 times the observed 22-day mode variance over the western United States and Canada, while 3 models (MRI, CNRM, and GISS-ER) produce variances that are very close to the observed value. Figure 14 shows the lag-correlation of the 22-daymode precipitation anomaly averaged between 1258 and 1158W with respect to itself at 37.58N, 2408E. In observation (Fig. 14a) , the 22-day mode propagates northward from the equator to 458N, which is consistent with the results of Mo (1999) . Nine of the 14 models simulate coherent northward propagation (GFDL2.0, GFDL2.1, CCSM3, GISS-ER, MIROC-hires, MRI, CGCM, MPI, and CSIRO). Three models produce standing oscillation (GFDL2.1, GISS-AOM, and CNRM), one model simulates southward propagation (PCM), and two models display different propagation direction in different regions (MIROC-medres and IPSL). Figure 15 shows the teleconnection pattern of the 22-day mode. In observation (Fig. 15a) , there is a positive anomaly extending from western United States to 158N, 2108E, a positive anomaly around 158S, 2108E, and a negative anomaly around 158N, 1308E. Nine of the 14 models reproduce a statistically significant positive anomaly around 158N, 2108E (GFDL2.0, CCSM3, GISS-AOM, GISS-ER, MIROC-medres, MIROC-hires, IPSL, CNRM, and CSIRO), although in some models it is shifted slightly northward (e.g., GFDL2.0 and CCSM3). FIG. 8 . Lag-correlation of the 40-day-mode precipitation anomaly averaged between 2358 and 2458E with respect to itself at 37.58N, 2408E for the 14 IPCC AR4 models. Shading denotes the regions where lag-correlation is above the 95% confidence level.
Three models reproduce a statistically significant positive anomaly around 158S, 2108E (MIROC-hires, CSIRO, and GFDL2.1), and only one model simulates a statistically significant negative anomaly around 158N, 1308E (CSIRO).
Summary and discussion
This study evaluates the intraseasonal variation of winter precipitation over the western United States in 14 IPCC AR4 coupled GCMs. The results show that the models tend to overestimate the northern winter (NovemberApril) seasonal mean precipitation over the western United States and Canada. The models also tend to produce overly strong intraseasonal variability in western U.S. wintertime precipitation, in spite of the overly weak tropical intraseasonal variability in most of the models. All models capture both the 40-day mode and the 22-day mode, usually with overly large variances. For the 40-day mode, models tend to reproduce its deep FIG. 8. (Continued) barotropic vertical structure and three-cell horizontal structure, but only 5 of the 14 models capture its northward propagation, and only 2 models simulate its teleconnection with the Madden-Julian oscillation in the tropical Pacific. For the 22-day mode, 8 of the 14 models reproduce its coherent northward propagation, and 9 models capture its teleconnection with precipitation in the tropical Pacific.
The above results have two implications on the dynamics of intraseasonal variability of western U.S. winter precipitation. First, in spite of the lack of MJO and overly weak tropical intraseasonal variability in most of the models, they still produce overly strong intraseasonal variability of western U.S. winter precipitation, suggesting that tropical forcing may be a secondary mechanism for generating this variability. This is consistent FIG. 9 . Lag-correlation of temperature averaged between 308-8N, 1258-1158W vs the 40-daymode precipitation anomaly at the same location for observation (NCEP reanalysis) and seven models. Shading denotes the area where correlation is above the 95% confidence level, with dark (light) shading for positive (negative) correlation.
with several previous studies (e.g., Lau 1981; Simmons et al. 1983; Karoly et al. 1989; Schubert and Park 1991; Schubert et al. 1993) .
Second, a new finding of this study is that several models could reproduce the northward propagation of the 40-day mode with the lack of MJO signals in those models. This suggests that the northward propagation of the 40-day mode may not be generated by the Rossby wave emanation from the tropical MJO. Theoretical and observational studies have suggested several different mechanisms for northward propagation of intraseasonal modes, including land surface heat flux (Webster 1983; Srinivasan et al. 1993) , ocean surface sensible heat flux (Hsu et al. 2004 ), vertical-shear-induced boundary layer moisture convergence (Jiang et al. 2004) , and moisture advection (Jiang et al. 2004) . In future studies, analyses of heat, moisture, and vorticity budgets are needed to examine if these mechanisms contribute to the northward propagations in the models.
Among the 14 coupled GCMs, the MRI model arguably produces the best overall intraseasonal variability of western U.S. winter precipitation. This is likely associated FIG. 10 . As in Fig. 9 , but for geopotential height.
with its good simulation of the wintertime seasonal mean precipitation, because our results show that the models' intraseasonal variability generally increases with the increase of seasonal mean precipitation. However, one major caveat of this evaluation is the uncertainties associated with the precipitation observations, which are discussed briefly in section 2. Therefore we must be cautious when giving any ranking to the models' simulations. Currently, NASA is planning its Global Precipitation Measurement (GPM) Mission to improve our measurements of precipitation over both the tropics and extratropics. We expect that the next generation of precipitation analysis will provide a more solid benchmark for evaluating the climate model simulations. FIG. 14. Lag-correlation of the 22-day-mode precipitation anomaly averaged between 1258 and 1158W with respect to itself at 37.58N, 1208W for the 14 models. Shading denotes the regions where lag-correlation is above the 95% confidence level.
